To better understand why one must administer much higher doses of digitalis glycosides to immature than to mature humans and animals, we studied ouabain phannacokinetics in adult and young dogs. Consistent with reported observations that ouabainbinding, metabolism, and excretion do not change with age, we found no significant differences in the transfer coefficients in a linear twocompartment open model for ouabain phamiacokinetics following a bolus of 0.05 mg/kg. We did find, however, that young dogs had nearly twice the ouabain volumes of distribution per kilogram of body weight as adults [155.4 ± 1.2 (SE) ml/kg vs. 80 ± 0.6, P < 0.0005] and that one could account for this difference with the fact that young dogs had nearly twice the plasma volume (108 ± 9.8 vs. 68 ± 7.3. P -0.001) and interstitial fluid space (318 ± 35 vs. 190 ± 6.5, P -0.006) as the adults. For the same dose per kilogram, left and right ventricular ouabain concentrations were inversely related to the volume of distribution, with the adults having significantly higher tissue levels and incidence of arrhythmias. One must give more ouabain to a young dog to get the same plasma concentration as in an adult because the mass of ouabain in rapid equilibrium with the plasma is diluted in a larger volume of distribution.
CHILDREN 1 " 5 and immature animals'-' are less sensitive to digitalis than adults because they required more digitalis per kilogram of body weight than adults to achieve similar serum levels and tolerate higher serum levels without toxicity.*-' This definition of sensitivity includes two potential mechanisms: age-related pharmacokinetic differences, and age-related differences in the drug's effect at a given concentration. Our study deals only with the first mechanism of age-related differences in sensitivity due to pharmacokinetic differences, and explains why it is necessary to administer nearly twice the dose of digitalis per kilogram of body weight to immature animals as to mature animals to obtain the same serum levels, despite the fact that drug metabolism and excretion have not been shown to be different in children from adults. 2 -' 9 Other workers have looked at the second definition of sensitivity, drug effect at a given concentration, and found no difference, in vitro, in ouabain's effects on sodium, potassium, adenosine triphosphatase [Na + ,K + -ATPase, Enzyme Commission (EC) No. 3.6.1.3], 10 -" the putative pharmacological receptor for digitalis. 1215 Rosen et al." have found, however, that at a given concentration, Purkinje fibers from young dogs were less sensitive to digitalis' effects than those from adult animals.
To explain age-related differences in digitalis sensitivity
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we studied ouabain's pharmacokinetics in young and adult dogs and found that, per kilogram, the volume of distribution of ouabain was larger in young dogs than in adults. Our studies indicate that there are similar age-related differences in body fluid spaces which would account for this difference in ouabain's volume of distribution and help explain both the need to give infants higher doses of cardiac glycosides per kilogram and the ability of infants to tolerate these larger doses.
Theoretical Considerations
DRUG DISTRIBUTION MODEL
After administering a bolus of ouabain intravenously, its serum concentration declines in the biexponential manner ( Fig. 1 ), C(t) = ae°' + be"' (1) where C = serum concentration, t = time, and a, b, a, and /3 are constants, characteristic of a drug distributed according to a linear two-compartment open model 17 (Fig. 1) . The ouabain bolus enters the central compartment with volume, V, called the volume of distribution, at time zero. This central compartment includes the plasma volume and other physiological fluid spaces and tissues in rapid equilibrium with the plasma. Metabolism, excretion, and tissue fixation remove ouabain from the plasma in proportion to the mass of drug in equilibrium with it. To translate these assumptions into differential equations, we apply the principle of conservation of mass to each compartment: 18 dq,/dt -k,,q, -(k,,q, dq,/dt = k,,q, -k,,q,
where q, and q, equal the drug mass in the central and outer compartments, respectively. Initially, the entire bolus, B, is in the central compartment, so, q,(0) = B, and q,(0) = 0.
The serum ouabain concentration is,
Equations 2 through 5 require
in which, The time constants,* r f and T,, and the relative magnitude of each exponential term, A r and A,, depend only on the transfer coefficients k, 0 , k,,, and k 21 . Thus, the biexponential curve's shape depends only on the rate constants, k 10 , k, a , and k 21 , not on the dose, B, or volume of distribution, V. Equations 9 and 10 show that both time constants depend on all three transfer coefficients; the slow phase time constant does not represent only excretion (k, 0 ). If the transfer coefficients remain fixed, doubling the dose will double the serum concentration at each time without changing the biexponential curve's shape. Likewise, halving the volume of distribution will double the serum concentration at each time. Figure 2 shows that the serum concentration vs. time curves for our young and adult dogs remain parallel when plotted on semilogarithmic paper, suggesting, as will be verified below, that the transfer coefficients are similar in adult and young dogs and that the only pharmacokinetic difference between them is the larger volume of distribution of ouabain per kilogram of body weight in the young dogs.
Methods

ANIMAL MODEL
All dogs were anesthetized by first administering sodium pentobarbital, 30 mg/kg, intravenously, followed by small supplemental doses as needed, then intubated and ventilated with a Harvard respirator to maintain arterial Po, above 80 mm Hg and pH between 7.35 and 7.45. A polyethylene catheter in the femoral artery, connected to a Statham P23Db pressure transducer, permitted blood sampling and pressure measurement. A catheter in the femoral vein was used for drug administration. Rectal temperature was maintained constant at 37 ± 2°C with a heating pad. Lead II of the electrocardiogram was used to record heart rate and rhythm. We considered an arrhythmia present if the QRS complex morphology changed or a marked change in heart rate associated with heart block developed. All dogs which developed arrhythmias exhibited either ventricular premature contractures or ventricular tachycardia, not heart block. Recordings were made on a Honeywell Electronics Medical system multichannel photographic recorder. Arterial blood gases were determined with a Corning model 165 blood gas analyzer.
Twenty adult mongrel dogs, average weight 17.0 kg (14.1-21.4 kg), and 22 dogs 7-10 weeks old, average weight 3.6 kg (1.7-6.1 kg), comprised our first study group. After obtaining arterial blood samples, we administered an intravenous bolus (0.05 mg/kg) of randomly labeled 3 H-ouabain (New England Nuclear, specific activity 11.7 Ci/mmol, 97% radiochemically pure, as determined by the supplier using chromatography and reverse isotope dilution), diluted to 15 or 50 /zCi/mg with crystalline ouabain octatetrahy- FIGURE 2 After a dose of ouabain of 0.05 mg/kg, serum ouabain concentration in adult dogs remains significantly higher than in young dogs, although both curves have the same shape. Table 1 presents exact concentrations, significance levels and number of samples at each time. drate (Sigma). Blood samples were obtained at 1, 5, 10, 20, 30, 40, 60, 90, 120, 150, 180, 210 , and 240 minutes, or until the dogs were killed. Five adult and five young dogs were killed after 30 minutes, the same number after 90 minutes, and the remaining dogs after 240 minutes. To minimize blood and volume loss, we took 2-ml samples from young dogs and 10-ml samples from adults. All blood was replaced with equal volumes of 6% dextran 70 in normal saline. Hematocrit was measured before injecting the ouabain. Arterial blood gases, serum ouabain and electrolyte concentration, arterial blood pressure, and heart rate and rhythm were determined at each sampling time. As soon as each dog was killed, the left ventricle, right ventricle, liver, spleen, kidney, and gracilis muscle were removed, blotted dry, then frozen for later analysis.
After completing our first series of experiments and analyzing our data, we studied another group of dogs to explain our initial results. These four adults and four young dogs were fasted overnight to avoid hyperlipemia, instrumented as above, then injected with Evans blue dye (20 mg for adults and 10 mg for young dogs), 100 ^Ci of 3 H,O (New England Nuclear), 20 ^Ci of Na"Cl (Amersham/Searle), and nonradioactive ouabain, 0.05 mg/kg, intravenously. Arterial blood samples were obtained before and 5, 10, 15, 20, 30, 60, and 90 minutes after injecting the indicators and ouabain. The blood was placed in tubes containing sodium oxalate, then centrifuged to separate the plasma. After removal of samples for Evans blue dye determination, the samples were frozen in covered glass tubes for subsequent analysis.
BIOCHEMICAL
We determined serum ouabaiu concentration by adding 0.5-1.0 ml of serum to 14 ml of Aquasol (New England Nuclear), and tissue ouabain concentration by mincing 0.5 g of tissue in a scintillation vial containing 15 ml of Bray's solution. The tissue was extracted overnight at room temperature with continuous shaking. Before counting, all samples were stored in the dark at 10°C until chemoluminescence had fully decayed. Ouabain recovery was determined by adding known amounts of 3 H-ouabain to cardiac tissue and extracting it overnight with Bray's solution. The tissue then was separated from the Bray's solution and reextracted with additional Bray's solution. The recovery of ouabain from cardiac tissue using the Bray's extraction method was 93.5 ± 2.4% of that found after the complete digestion of hearts with 3 ml of NCS (Nuclear-Chicago) at 50°C for 24 hours (eight determinations).
No corrections were made for recovery. All samples were counted three times in a Packard Tricarb liquid scintillation counter to accumulate at least 4,000 cpm. The automatic external standards channels ratio method was used to determine efficiency of counting. Since ouabain undergoes little metabolic conversion prior to renal excretion,"" 21 all tritium counts were considered to represent unaltered ouabain. Samples of 3 H-ouabain given to each dog were counted at the same time as tissue and plasma samples, to calculate ouabain concentration.
Plasma volume was determined from the average Evans blue dye concentration in the 10-, 15-, and 20-minute plasma samples, corrected for hemolysis and lipemia." Plasma 3 H,O and Na"Cl were counted in triplicate after adding 0.3 ml of plasma to 10 ml of Aquasol. The tritium and "Cl counts were corrected for counting efficiency by the automatic external standard channels ratio method. Doublelabel isotope counting was performed by setting windows in which no tritium counts appeared in the "Cl channel while "Cl was counted with only 2-3% efficiency in the tritium channel. "Cl was counted at an efficiency of 68-74% and tritium at 33-36%. Thirty minutes after injecting 3 H,O, tritium disintegrations per minute (dpm) reached a steady state while "Cl dpm declined exponentially between 20 and 90 minutes. Thus, extracellular space (chloride space) was determined by extrapolating "Cl dpm to zero time with the best (least squares) straight line through the 20-, 30-, 60-, and 90-minute measurements of "Cl dpm plotted on semilogarithmic graph paper. The average of the 60-and 90-minute tritium dpm was used to determine total body water, using standard isotope dilution equations. 23 " 26 No correction was made for dpm lost in sampling as this introduced less than 0.5% error in our calculations. Interstitial space was determined by subtracting plasma volume from chloride space. Serum sodium and potassium were determined with an Instrumentation Laboratories model 143 flame photometer.
PHARMACOKINETIC COMPUTATIONS AND STATISTICAL ANALYSIS
We used Hartley's modified Gauss-Newton method 28 to fit the observed serum ouabain concentration for each dog, using Equation 1, then computed V, k 10 , k 12 , and k 21 with the following equations derived from Equations 6-10:
We implemented Hartley's method in a double precision Fortran program, which minimizes the weighted sum of the squares,
where tj is the time of the j " 1 sample (e.g., t, -1 minute, t 14 = 240 minutes), and c(t,) is the concentration computed at tj using Equation 1, Cj is the concentration measured at time tj, and Wj is a weighting factor. If all measurements were perfect, all weights would equal 1. Each measurement, however, contains error, the magnitude of which changes with time. To normalize the effect of differing errors at each time, we weighted each point in inverse proportion to the variance of the measured serum concentration of each group of dogs at that time" (Table 1 ). This procedure weights noisy points (with high variances) less than more precisely known points (with low variances). The program continued until a, b, a, and /3 changed by less than 1% on successive iterations. This convergence criterion produced the same results, to three significant digits, as did 0.01 % in test runs. Preliminary experiments on three adult dogs and four young dogs helped us select sampling times which ensured that we began sampling soon enough and continued long enough to accurately compute V and the transfer coefficients. We found the 1-minute sample especially imporant in determining the extrapolated concentration at zero time that was used to compute the volume of distribution; deleting this sample induced a 100% error in the computed V. (Because concentration falls exponentially with time, the error in estimated V increases logarithmically as one delays obtaining the first sample.) Therefore, we only used those seven adult dogs and eight young dogs for which there was a complete set of blood samples, drawn from I to 240 minutes, to calculate the pharmacokinetic parameters. Although results from our other dogs could not be used to calculate ouabain's pharmacokinetic parameters, all other calculations included data from these dogs.
We used the Statistical Package for the Social Sciences (SPSS)" to compute standard statistics. We also needed to compare the ratio of young to adult dog volumes of distribution with other ratios such as: the ratio of young to adult ouabain tissue concentration and young to adult fluid volume spaces. By taking the natural logarithm of each datum, we transformed ratios to differences which were then analyzed by usual statistical methods. The ratios in Figures  3 and 6 are the result of taking antilogarithms of these differences and their standard errors. The Appendix presents a detailed discussion of this statistical analysis. Figure 2 shows that serum ouabain concentration fell according to biexponential curves, with the concentration for adult dogs always significantly higher than that for young dogs (Table I) . If the two curves in Figure 2 were parallel, they would differ by a multiplicative scale fac-tor, and the ratios of young to adult serum concentrations at each time period should remain constant, equal to the multiplicative factor (Fig. 3) . The appropriate Hotelling's T 1 test does not show a significant departure from parallelism, indicating that the concentration curves have the same, shape and, hence, the same mean transfer coefficients k, 0 , k,,, and k,,. To verify this suggestion, we fit the concentration vs. time curve with Equation 1 and computed the pharmacokinetic parameters for each dog separately. Figure 4 shows measurements and the best curve for one typical adult and one young dog. The correlation coefficients between the theoretical curve and our observations varied between 0.986 and 0.999 for young dogs, and 0.994 and 0.999 for adults. Table 2 shows no significant difference in mean k 10 , k,,, or k,, (and therefore r, or T.) between adult and young dogs, but a significantly higher V in young dogs than in adults. Since we administered the same dose of ouabain per kilogram to all dogs, differences in volume of distribution account for the differences in serum ouabain concentration between adult and young dogs. Data for these two typical dogs show that the linear two-compartment model accurately predicts the observed biexponenlial drop in serum ouabain concentration in both adult and young dogs. Note, however, that late in the experiment the predicted curve systematically falls below the observations in both cases.
Results
TIME. t(MIN)
These data indicate that the serum ouabain concentration in young dogs is lower than that of adults because the drug mass fn rapid equilibrium with the plasma is diluted in a greater volume. To account for this greater volume, we measured body fluid spaces in a second group of four young and four adult dogs. Plasma volume, interstitial fluid, extracellular fluid, and total body water are all significantly greater, per kilogram of body weight, in young than in adult dogs, with ouabain's volume of distribution slightly exceeding plasma volume (Fig. 5 ). Since the plasma volume and extracellular and interstitial fluid spaces vary in the same ratio as the volume of distribution (Fig. 6) , the interstitial space, as well as the plasma volume, probably contributes to the volume of distribution. These differences in body fluid spaces most likely account for the age-related volume of distribution differences, but, since we did not measure volume of distribution and body fluid spaces in the same dogs, we ~eeuM not statistically demonstrate the direct association. Table 3 shows that adults had higher concentrations in both ventricles, which explains why, even though young dogs had a significantly higher heart rate than adults prior to ouabain administration [196 ± 6 (SE) vs. 170 ± 5, P -0.001], the adults developed arrhythmias significantly more frequently (13 of 20 adults vs. 1 of 22 young dogs, P = 0.0001). For each tissue we sampled except skeletal muscle, Results are expressed as mean ± SE.M. For identification of symbols for parameters, see the text.
• P < 0.0005 comparing adult with young dog values.
adult tissue ouabain concentration always was significantly higher than that of young dogs. The ratios of the ouabain concentrations in all tissues except skeletal muscle did not differ significantly from the ratios of the volumes of distribution (Fig. 6 ). The fact that the skeletal muscle ratios differed significantly from the volume of distribution ratio indicates that skeletal muscle ouabain uptake does not simply follow serum ouabain level. Ouabain tissue concentration should be proportional to serum concentration and other factors such as regional blood now and tissue extraction, averaged over time. Since serum concentration is inversely proportional to volume of distribution (Eq. 6), the product of tissue concentration and volume of distribution should equal a quantity which depends on other pharmacokinetic factors. This quantity is not significantly different for adult and young dogs. When each dog's tissue concentration is multiplied by its volume of distribution and the resulting variables compared by a two-sample /-test or Wilcoxon test, there are no significant differences between the means of the two populations. Thus, the variability in 0.006 p -0.002 p -0.009 p • 0.006 p<0 0006
YOUNG DOGS
FIGURE 5
The physiological fluid spaces in the young dog are significantly larger than in the adult in about the same proportion as the volume of distribution, suggesting that the volume of distribution represents the plasma volume plus a fraction of the interstitial space. VOL. 39, No. 3, SEPTEMBER 1976 The extracellular and interstitial fluid spaces and plasma volume ratios do not differ significantly from ouabain's volume of distribution ratio. In addition, the tissue concentration ratios, except for skeletal muscle, do not vary significantly from what one would predict on the basis of differences in the volume of distribution, hence serum concentration, of ouabain.
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ventricular ouabain concentration can be explained by volume of distribution differences. Although tissue ouabain concentraion depends on many factors, including regional blood flow and tissue extraction of drug, our data indicate that all the sampled tissues from adult dogs, except skeletal muscle, had higher tissue ouabain concentrations than tissues from young dogs because they were perfused with blood containing higher ouabain concentrations due to differing volumes of distribution. Serum sodium and potassium concentrations were similar at all times in young and adult dogs. The former had significantly lower hematocrits (26 ± 1.0% vs. 33 ± 1.0%, P < 0.01) and mean arterial blood pressure (103.7 ± 4.7 vs. 124.8 ± 5.4 mm Hg, P < 0.01). Within each age group, however, there was no significant correlation between V and hematocrit or mean arterial blood pressure.
Discussion
We found that serum ouabain concentration fell with time constants of 3 and 90 minutes. In contrast, Selden and Smith 2 ' observed a 4-minute (t H = 3 minutes) fast phase, followed by a period of 6 hours in which concentration declined at a decreasing rate, after which a very slow Addition of a third compartment to the two-compartment model of Selden and Smith would add another exponential term to the serum concentration vs. time curve and improve the fit of observed to expected serum concentration values during the 6-hour transitional period. This 6-hour intermediate period corresponds to our 90-minute slow phase time constant; in 6 hours, four 90-minute time constants pass and this term drops to e"" 1 -0.018 of its original value. Our experiments lasted long enough to see the 90-minute phase and our results do suggest the 26-hour phase because the theoretical curve always drops below the observations after 2 x h hours (Fig. 4) . The data of Reuning et a l . " on digoxin also support the need for a third compartment. Their Figures 1 and 2 show that a two-compartment model fitted to the early and late measurements falls below the observed concentrations at intermediate times (below about 10 hours); a third compartment would raise the predicted concentrations during this time. In sum, Selden and Smith" and Reuning et a l . " use two-compartment models which account for the fast and very slow phases of the decline in serum ouabain and digoxin concentration ( Fig. 7A) 7B ). For a more rigorous approach to ouabain pharmacokinetics, one should probably use a three-compartment model (Fig. 7C ) with experimental measurements beginning 1 minute after drug administration and extending for 2 days. Would adopting this three-compartment model change our conclusion that only ouabain's volume of distribution differs in adult and young dogs? No. Applying the principle of conservation of mass to the three-compartment model in Figure 7C leads to three first-order differential equations and, hence, the concentration following a bolus should decay according to: Our study indicates that the greater physiological fluid spaces per kilogram of body weight in young dogs lead to a larger volume of distribution of ouabain. This larger volume of distribution for the central compartment produces lower serum ouabain concentrations, lower myocardial tissue levels and, therefore, less toxicity. 10 Human as well as canine body fluid spaces per kilogram decline from birth through adulthood. 11 -" The fact that, clinically, children require larger digoxin doses per kilogram of body weight than do adults to obtain the same steady state blood levels/-' even though excretion and metabolism have not been found to differ, also suggests that only the volume of distribution is different at different ages in humans.
Other factors besides age-related alterations in the pharmacokinetics of digitalis affect digitalis toxicity. Although it was not our purpose to study these other factors, we did note that in our young dogs heart rates were more rapid than in our adult dogs. Wittenberg and co-workers"-3i showed that after ouabain administration, ventricular automaticity occurs sooner, or after lower ouabain doses, when heart rate is increased, whereas Rosen and Gelband," using donor dogs to perfuse isolated Purkinje fibers, found less 'Houabain uptake at slower heart rates. Both these studies would suggest that our young dogs should have had an enhanced ouabain uptake and incidence of toxicity. Yet the young dogs showed a lower incidence of toxic arrhythmias than adults, and lower myocardial levels, because of the lower serum ouabain concentration.
The reason children tolerate higher serum digoxin levels than adults without toxicity 4 " remains unclear. Our study did not address itself to this question. Recently, however, Rosen et al." found that Purkinje fibers from young dogs are less sensitive to the same concentration of ouabain than those from adults. This study suggests that additional factors besides pharmacokinetic differences are responsible for age-related changes in sensitivity to digitalis.
Appendix*
The log transformation is used when one has a multiplicative model. If P,j is the i lh measurement on the j m young dog and A,j is the i" 1 measurement on the k' h adult, then the multiplicative model is that, p u = a,v,e,j a, is the ratio of the young dog quantity to the adult quantity, v, is a constant, and e u is a random variable which accounts for assay error and individual differences. The log transform converts this to a linear model:
In P,j = In a, + In v, + In e,j In A, k = In v, + In e| k
The assumption that In e u is normal with equal variances allows the use of standard parametric statistical methods. Probit plots indicated that the assumption of normality was reasonable. The F statistic for equality of variance was not significant in every case but that of extracellular fluid. VOL. 39, No. 3, SEPTEMBER 1976 A *
In Figure 6 , exp [Ci ± SE Ci] is plotted where Ci is the usual least squares estimate of log a P
